Two compounds 1,4-dimethyl-1,4diazoniabicyclo[2.2.2]octane catena-tetra-µ-halodicuprate(I) with DABCOMe 2 Cu 2 X 4 (1: X = Br, 2: X = I) were synthesized by hydrothermal reaction of copper(I) halides with the corresponding 1,4diazoniabicyclo[2.2.2]octane (DABCO) dihydrohalides in an acetonitrile/methanol mixture. Both compounds crystallize monoclinically, 1 with a = 9.169(4) Å, b = 10.916(6) Å, c = 15.349(6) Å, β = 93.93(2)°, V = 1533(1) Å 3
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Dalton Transactions
www.rsc.org/dalton Introduction Halocuprates(I) are built from a very small number of building blocks which is in contrast to their structural diversity. One of these building blocks is the CuX 4tetrahedron (X = Cl, Br, I). All types of linkage between tetrahedral units are observed including face-sharing with Cu-Cu distances shorter than in metallic copper. 1, 2 This diversity is one reason for the rich structural chemistry of such materials. In case of [P(C 6 H 5 ) 4 ] 2 [Cu 2 I 4 ], four different polymorphs are known which contain two different conformers of the [Cu 2 I 4 ] 2anion 3, 4 and recently, a solvate of a tetraphenylphosphonium iodocuprate(I) containing acetone as solvent molecules was reported 5 . Furthermore, another tetraphenylphosphonium iodocuprate(I) containing a polyanion forming a helix built from CuI 4 -tetrahedra has been reported. 6 A quite common structural motif in catena-cuprates(I) is a chain of trans edge-sharing tetrahedra. Several halocuprates(I) with this anionic structural feature are described in the literature. [7] [8] [9] [10] [11] [12] [13] [14] [15] Typical cations are alkali metals, ammonium, or even copper(II) which is coordinated by four ammine 7 or two bidental ethylenediamine ligands [8] [9] [10] . The same complex anion containing trans edgesharing tetrahedra was obtained with twofold protonated diamines such as ethylene diamine or piperazine as cations. 11 Bromocuprates(I) with similar structures were obtained with N-allylquinolinium 12 , Nallylmorpholinium 13 , 4-aminopyridinium 14 , and 2,6diaminopyridinium 15 cations, respectively. All of these compounds can be classified into two groups depending on the arrangement of the tetrahedra within the halocuprate(I) complex anions, i.e. as stretched form, similar to the chains of tetrahedra in silicon disulfide 16, 17 , and as kinked chain at every 2 nd junction causing a zigzag structure of the chain. An inverted chain structure with an N 3anion in the center of the tetrahedra has been observed in lanthanide nitride halides 18, 19 , lanthanide nitride tellurides 20 and alkali metal lanthanide halide tellurides 21 . Stretched anti-SiS 2 chains are observed within these compounds as well as the kinked ones. In-situ N-alkylation of DABCO or other amines by methanol has been observed in high pressure experiments 22 and hydrothermal syntheses [23] [24] [25] , respectively. The use of DABCO and its protonated forms in halocuprate(I) syntheses has yielded a Cu 4 I 6
2-
cluster with an in-situ mono-methylated DABCO molecule 25 , and a 3D inorganic framework structure 26 . The crystal structure of 2 has recently been reported in a very brief form. 27 Structural data with higher quality are included in this paper. The structural variability of halocuprates(I) and copper(I) halide clusters results in a rich diversity also in the luminescence properties, as many compounds emit visible light in different spectral regions upon optical excitation. 28-42, 104, 105 Although many studies have been performed during recent years on the emission behavior of Cu(I) complexes due to their potential for use as lowcost emitter materials for OLEDs [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [100] [101] [102] [103] [104] , only very limited investigations in this regard were carried out on copper-halide chains, such as the ones presented in this contribution. 46-48, 105, 107-109 Herein, the syntheses, crystal structures, and photophysical properties of two new luminescent halocuprate(I) compounds containing chains of trans edge-sharing tetrahedra are presented and discussed. This structure type is connected with the occurrence of specific chain segments which largely determine the emission behavior as is elucidated, in particular, for compound 1. Photophysical characterizations are carried out on the basis of detailed temperature-dependent studies of emission spectra, decay times, and quantum yields. DFT and TDDFT calculation were performed to complement the measurements. It was found that at low temperature the emission originates only from one type of chain segments. With increasing temperature, thermally activated energy transfer along the chain occurs to other chain segments and quenching states. 51 , respectively, were weighed in a silica ampoule in a 1.8 : 1 ratio to achieve full conversion of the copper(I) halide. A typical reaction mixture contained 170 mg of the copper(I) halide and 180 mg (1) or 191 mg (2) , respectively, of the corresponding DABCO dihydrohalide. Methanol (2.5 equivalents referring to DABCO·2HX (X = Br, I) and 1.5 mL acetonitrile were added as solvent. The ampoules were evacuated and sealed after freezing of the solvent with liquid nitrogen and were then transferred into a micro autoclave containing 5 mL of water to apply counter pressure. The reactions were performed at 150 °C for 5 days (1) or 130 °C for 14 days (2), respectively, yielding a pure product of colorless rod-like crystals in a 90% isolated yield referring to the amount of copper(I) halide. The rest of copper(I) halide remained in solution. Crystals suitable for single crystal X-ray structure determination were mounted on and glued to a glass fiber.
Experimental
Diffraction data of 1 were collected on a STOE IPDS I (Mo-K α , λ = 0.71073 Å) at room temperature. Data were corrected for Lorentz and polarization effects and absorption was corrected numerically after a semi empirical optimization of the crystal shape. 52 The structure was solved by direct methods using SIR92 53 followed by a full-matrix least-squares refinement with SHELXL97 54 . Hydrogen atom positions could be located from difference Fourier calculations and were refined without constraints but fixed U iso = 0.035 Å 2 for methylene group protons and 0.050 Å 2 for methyl group protons, respectively. Diffraction data of 2 were collected on an Xcalibur Ruby Gemini Ultra (Mo-K α , λ = 0.71073 Å) at 123 K.
Data were corrected for Lorentz and polarization effects and a numerical absorption correction was performed after semi empirical optimization of the crystal shape. 55 Solution and refinement of the structure were performed analogously to 1. Hydrogen atoms were attached to the carbon atoms and refined with a riding model (HFIX 23 for methylene groups) and with circular Fourier (HFIX 137 for methyl groups), respectively. An isotropic displacement parameter U iso (H) of 1.2 U eq (C) (1.5 U eq (C) for methyl group hydrogens) was constrained for the hydrogen atoms. 54 The single crystal used for data collection turned out to be twinned according to the matrix (-1 0 0, 0 -1 0, 0 0 1), i.e., a twofold axis along c. The temperature dependent measurements between 10 and 300 K (emission spectra and decay times) were recorded using a helium cryostat (Cryovac Konti Cryostat IT). For absolute measurements of the photoluminescence quantum yields, a Hamamatsu Photonics (C9920-02) system was used. For this, the excitation wavelength was set to λ exc = 350 nm. DFT and TDDFT calculations were performed using the Gaussian09 software package. For all calculations, the basis set LANL2DZ with an effective core potential was applied along with the B3LYP hybrid functional. The calculations were performed using the geometry obtained from X-ray diffraction measurements without further optimization.
Results and Discussion
Crystal Structures
The compounds 1 and 2 contain the tetra-µ-halodicuprate(I) polyanion consisting of exclusively edgesharing CuX 4 -tetrahedra (X = Br, I). These chains of tetrahedra are strongly kinked at every 2 nd junction in 1 and 2 thus forming zigzag chains. The chains are arranged along [0 1 0] in 1 and along [0 0 1] in 2, respectively, forming a hexagonal rod packing in both compounds. In 1, all chains have the same alignment and are in an almost eclipsed conformation parallel to the chain direction. In contrast in 2, the chains are arranged in an ABAB stacking along [1 0 0] and show a significant staggering parallel to the chain direction, see Figure 1 . The staggering causes a doubling of the translation period of the chains in 2, see Table 1 . The crystallographic data given in Table 1 show some clear differences between the compounds under discussion. This holds regardless the fact that they contain the same cation and very similar polyanions. The lower symmetry of 2 is manifested by the staggering of the polyanions therein. This results in a symmetry reduction of the centrosymmetric space group P2 1 /n of 1 to the acentric space group P2 1 of 2 in combination with a doubling of the unit cell volume.
((Insert Figure 1 here)) ((Insert Table 1 here)) As mentioned above, a chain of tetrahedra kinked at every 2 nd junction has already been reported in literature. 7, 12, 20, 27 It was observed in the Nallylquinolinium bromocuprate(I) 12 , in the rubidium and ammonium iodocuprate(I) hydrates 7 and in the rare earth (RE) nitride tellurides RE 4 N 2 Te 3 (RE = La-Nd) 20 . The diammonium and dirubidium bis(di-µ-iodo-cuprate(I)) hydrates 7 show a kinking comparable to that in 1 and 2. Within the former, the distances d(I-I) between adjacent CuI 4 -tetrahedra are shorter than some of the intratetrahedral distances d(I-I). The strong kinking results in short distances d(Cu-Cu) in the ammonium and rubidium iodocuprates(I) 7 7 are slightly longer than the sum of the van-der-Waals radii 57 of 2.8 Å, whereas the shortest distances of d(Cu-Cu) = 2.740(2) Å in 1 and d(Cu-Cu) = 2.679(0) Å in 2 are significantly shorter. All these distances are longer than the distance d(Cu-Cu) of 2.556 Å in metallic copper 58 . This is not surprising since only those iodocuprates(I) [59] [60] [61] and bromocuprates(I) 62 containing face-sharing CuX 4 -tetrahedra (X = Br, I) show distances d(Cu-Cu) in the range from 2.45 to 2.50 Å which are shorter than in metallic copper 58 . Structural details for the different halocuprates(I) and for La 4 N 2 Te 3 (as a representative for the RE-nitride tellurides) are given in Table 2 .
((Insert Table 2 here)) ((Insert Figure 2 here)) The chains in 1 and 2 show the strongest kinking in the series of compounds displayed in Table 2 , since the shortest distances d(X-X) are observed between neighboring CuX 4 -tetrahedra at the kinked junctions. A closer look at the angles ∠ (X-Cu-X) and at the intratetrahedra distances d edge (X-X) reveals significant distortions from an ideal tetrahedron within all compounds. The strongest distortion is found in the Nallylquinolinium compound due to a stretching of the bromocuprate(I) chain along the chain 12 . The dihedral angle between the faces of two undistorted edge-sharing tetrahedra should lie in the range from 66.0 to 70.5° to avoid distances d(X-X) at the kinking shorter than the intra-tetrahedron distances 63 . The dihedral angle between the faces is 62.0° in 1 and 62.1-63.3° in 2.
The title compounds contain twofold N-methylated DABCO cations which take a staggered conformation with dihedral angles ∠ (N-C-C-N) of 14.8-16.5° in 1 and 0.8-16.4° in 2, respectively. The cations are embedded between the anionic halocuprate(I) chains with each cation next to an almost planar face of a kinked junction, see Figure 3 . This figure shows that the space required by the cations matches the size of the plain face of the kinked tetrahedra junction quite well. In 1, the cations have only one orientation with a small tilt of the N-N axis apart from the chain direction while in 2 the cations show two different orientations. One of them is similar to the orientation of the cations in 1 with a stronger tilt of the N-N axis. The second orientation is almost parallel to the chain direction, see Figure 3 . The tilted cations in 2 have a stronger staggered conformation with dihedral angles ∠ (N-C-C-N) of 10.0-16.4° than those oriented parallel to the chains with dihedral angles ∠ (N-C-C-N) of 0.8-4.5°.
((Insert Figure 3 here) ) The cations are formed by an in-situ di-methylation of DABCO by methanol which is possible due to the enhanced pressure during the hydrothermal reaction, see Scheme 1.
((Insert Scheme 1 here)) It is well known that the size or volume per charge of the cation has a strong influence on the size and shape of the halocuprate(I) complex anion. 1, 2, 64 . Sometimes choosing a particular cation allows for the prediction of the anionic structure. 65 The DABCOMe 2 2+ cations in 1 and 2 have a quite high charge density. The two positive charges of the molecular cation are located at the nitrogen atoms and are therefore very close to each other with distances d(N-N) of 2.56 Å in 1 and of 2.51 and 2.57 Å in 2, respectively. Halocuprates(I) containing chains of edge-sharing CuX 4 -tetrahedra have one negative charge per tetrahedral unit. This means that each copper atom in 1 and 2 can be assigned to an adjacent nitrogen atom of the cation providing electroneutrality. The kinking of the junction might be a result of the short distances between the charges of the cations. A stretched Cu 2 X 4 -chain would lead to a reduced electrostatic interaction of the complex anion and the assigned cations. 66 Thus, the structure of the anion in 1 and 2 is mostly determined by the cations.
Photophysical properties
At ambient temperature, powders of the investigated compounds exhibit yellow (1) and green (2) luminescence, respectively, under optical excitation. The corresponding emission spectra along with the excitation spectra are depicted in Figure 4 . The emission of compound 1 peaks at 550 nm, while it is significantly blue-shifted for compound 2 with a maximum at 510 nm.
The emission decay times amount to τ = 86 µs (1) and τ = 2.6 µs (2), respectively. For the emission quantum yields Φ PL values of 52 % (1) and 4 % (2) were found. Figure 4 here) ) In the following discussion, we will focus on compound 1. DFT and TDDFT calculations were performed to get an insight into the nature of the electronic transition(s) responsible for the luminescence. All calculations were restricted to segments of the copper halide chain which contain 2 copper and 4 bromide atoms. In this rather crude model, the periodicity of the system is neglected. From Figure 2 (compare also Figure 6 , below), it can be seen that there are two types of such Cu 2 Br 6 segments. In one type, the central copper and bromide atoms are arranged in a butterfly like shape (butterfly type, A) whereas in the other segment type these atoms are located in one plane (planar type, B). From the calculations it was found that the HOMOs for both types are located at the copper and bromide atoms, more specifically, the largest contributions to the HOMO stem from Cu 3d orbitals (~60% (A), ~70% (B)) and Br 4p orbitals (~15% (A), ~20% (B)). The LUMOs are mainly located on the copper atoms with the largest contributions stemming from 4s orbitals (~55% (A), ~60% (B)). TDDFT calculations reveal that mainly transitions between the frontier orbitals determine the first excited singlet (S 1 ) and triplet (T 1 ) states for both types of segments. Moreover, as the emission decay time at ambient temperature is of the order of almost 10 2 µs, the corresponding transition is assigned to be mainly metalcentered phosphorescence ( 3 (MC)) (with distinct halide contributions to the HOMO). The ground state is a singlet. This is in agreement with literature assignments of other, however molecular, halide copper systems. [28] [29] [30] [31] [32] [33] [34] [35] 46, 67 Interestingly, the calculations give different transition energies for the T 1 states for the two segments differing by about 10 3 cm -1 (0.12 eV), with segment A being the energetically lower one. The strong involvement of the Cu 3d orbitals in the HOMO might serve as an explanation for the observed blue shift of about 40 nm of the emission of compound 1 compared to that of 2: The smaller ligand field strength of iodide compared to bromide results in a smaller splitting of the occupied Cu 3d orbitals. As a consequence, the HOMO of 1 is more destabilized than the HOMO of 2. Thus, the emission of 1 appears at lower energy. Indeed, such a destabilization of the HOMO is also confirmed by the DFT calculations. Similar shifts of the emission energies have also been reported for other copper halide systems. 36, 37, 39 For a more detailed understanding of the emission behavior, the samples were cooled to 10 K. With decreasing temperature, a significant unsymmetrical narrowing of the emission spectrum occurs for compound 1. Formally, the emission spectrum is red-shifted from 545 to 575 nm (peak to peak) which is equivalent to about 960 cm -1 (0.12 eV), see Figure 5 . Interestingly, this energy difference is of about the same size as the one estimated from the TDDFT calculations for the transition energies of the two chain segments A and B. Therefore, it is indicated that at low temperature the emission originates from the chain segment which exhibits the lower transition energy. In the case of compound 1, this is segment A. With increasing temperature, a thermal activation of segment B becomes possible, compare Figure 6 . Accordingly, a blue-shift and an unsymmetrical broadening of the emission spectrum are expected to occur upon heating. Indeed, this is observed experimentally. It is mentioned that in a recent report, a similar situation was described for a copper cyanide chain where the occurrence of different emission energies was also attributed to the existence of different chain segments. 48 ((Insert Figure 5 here) ) Moreover, the emission decay time of compound 1 was also investigated in dependence of temperature, see Figure 7 . Between 50 and about 100 K it amounts to about 180 µs. With further temperature increase, the decay time decreases and reaches 86 µs at 300 K. Additionally, the quantum yields at 77 and 300 K were measured to Φ PL (77 K) = 85% and Φ PL (300 K) = 52%.
((Insert
This allows us to determine the radiative rates according to k r = Φ PL τ -1 . Within experimental error, the radiative rates k r at 77 and 300 K (k r (77K) = 5·10 3 s -1 , k r (300K) = 6· 10 3 s -1 ) are equal. Therefore, the observed decrease of the emission decay time is a consequence of an increase of the nonradiative rate. This behavior can be rationalized by two different quenching mechanisms which are schematically displayed in Figure 6 . If the temperature is high enough, a thermally activated energy transfer between the chain segments can occur, presumably over a larger number of segments. a If so, the emission can be quenched by defects in the chain structure (see Figure 6 , right-hand side). b Moreover, B-type chain segments themselves can exhibit an additional non-radiative decay channel to the ground state which becomes effective on thermal activation of these chain segments (see Figure 6 , left-hand side). Also, a combination of both effects can a Cu(I) complexes often undergo distortions on excitation which leads to a trapping of the excitation energy on one specific emitter molecule and therefore, prohibits an efficient energy transfer to adjacent molecules. 36, 37, 39, [43] [44] [45] In the case of the compounds presented in this contribution, it seems that this selftrapping mechanism and therefore the localization of the excitation energy at one chain segment is not effective (at ambient temperature) for two reasons. (i) Distortions in molecular Cu(I) complexes on excitation are related to a pronounced charge-transfer from the copper center to the ligand. This leads to a formal oxidation of the copper center and therefore to a geometry change from a pseudo-tetrahedral towards a more planar geometry. For the copper halide chains presented in this study the transitions are mainly metal-centered and therefore, charge-transfer and geometry distortions do not seem to be significant. (ii) Possible geometry distortions are further reduced as the emitting individual chain segments are embedded into the rigid framework of the entire chain. b Defects might be represented by defects in the chain structure itself, boundary effects, or unavoidable impurities in real systems. Energy transfer along the chain is presumably occurring by a Dexter energy transfer process. A corresponding quenching mechanism was already suggested by Dexter and Schulman. 106 occur. Thermally activated processes can (in the case of fast thermal equilibration) be described by modified Boltzmann functions which are often found in the literature. 36, [43] [44] [45] Equation (1) represents an adaption of such a function to the system investigated in this contribution. Fitting this equation to the experimental data of decay time versus temperature, as shown in Figure 7 , allows us to estimate the activation energy for the quenching processes.
( (insert equation 1) ) Herein, ∆E(A-B) represents the energy difference between segment A and B and therefore, the activation energy for the energy transfer, τ(A) and τ(B) the emission decay times of segment A and segment B, respectively, τ(D) the quenching constant for the non-radiative deactivation (via energy transfer to defect sites and quenching at segment B), and k B the Boltzmann constant. For this rough approach we assume that the population of segment B and the quenching process exhibit the same activation energy, as a determination of the rate constants of the individual processes of segment B and of the defect site D is not possible in the scope of our experiments. c From fitting the data displayed in Figure 7 with equation (1) it is found that the activation energy amounts to about 1300 cm -1 (0.16 eV). This value is in reasonable agreement with the values determined for the energy difference between the two segments by the TDDFT calculations (~10 3 cm -1 ) and the shift of the emission energy with temperature (~960 cm -1 , Figure 5 ). Further support for this model is given by the fact that the decrease of the emission decay time is paralleled by the broadening of the emission spectra above T~100 K. Therefore, it is not unreasonable to assume that both effects are caused by the same activation mechanism.
((Insert Figure 6 here)) ((Insert Figure 7 here)) For completeness, it is mentioned that the observed decrease of the emission decay time with increasing temperature is not in agreement with a thermally activated delayed fluorescence (TADF) which is often found for molecular copper compounds, as the decrease found here is a result of a thermally activated quenching mechanism in contrast to the population of a highly emissive singlet state in the TADF case. 36, 37, 39, [43] [44] [45] 
Conclusions
Two
catena-tetra-µ-halodicuprate(I) with DABCOMe 2 Cu 2 X 4 (1: X = Br, 2: X = I) have been synthesized and characterized by single crystal X-ray diffraction and luminescence spectroscopy. The use of methanol as a high pressure methylation agent yields twofold N-methylated DABCO cations formed in an in-situ S N 2-reaction similar to reactions under extreme conditions reported in literature. [22] [23] [24] [25] The influence of the c The degeneracy of the deactivating state(s) is not known and therefore, it is set to 1 in this rough estimate. Such a degeneracy factor has significant influence on the emission decay time but only minor influence on the activation energy. Therefore, only the activation energy is estimated. cation size on the structure of the halocuprate(I) anion becomes obvious from their crystal structures: A polyanion built of edge-sharing CuX 4 -tetrahedra (X = Br, I) is formed due to the high charge density of the DABCOMe 2 2+ cation. This is in perfect agreement to the tendency that highly charged cations yield polymeric halocuprate(I) anions with tetrahedrally coordinated copper atoms. 1, 2 Luminescence properties of both compounds were examined in detail. It was found that the emission results largely from a metal centered phosphorescence with distinct contributions of the halides to the HOMO. An analysis of the temperature dependence of the emission spectra, quantum yields, and of the decay time suggests for compound 1 that at low temperature the emission originates only from an energetically lower lying segment of the [DABCOMe 2 ][Cu 2 Br 4 ] chain, while with temperature increase energy states of an energetically higher lying segment are populated. This opens the pathway for an energy transfer along the chain but also for non-radiative deactivation channels either at the higher energy segments themselves or by energy transfer to defect sites. The activation energy for this process was determined to be in the range of 1000 -1300 cm -1 (0.12 -0.16 eV). a) lattice constants of 1 were refined from powder diffraction data (PLEASE PRINT OVER TWO COLUMNS) (PLEASE PRINT OVER TWO COLUMNS) Table 2 are labeled. . Scheme of a proposed emission and quenching mechanism referring to compound 1. At low temperatures (< 50 K), only the energetically lower lying chain segments A emit. With increasing temperature, B segments can be thermally populated and emit at higher energy (≈ 10 3 cm -1 ). However, according to the proposed mechanism, energy can also be transferred along chain segments and thus, reach unavoidable defect sites where the excitation can be deactivated nonradiatively. The structures of the respective chain segment types are displayed above the energy level diagram. Hereby, blue and red spheres represent copper and bromide atoms, respectively.
